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were painstakingly machined out of low-loss dk'-tric materials. This very time comsuming approach was necessary to help insure that no possibilities were overlooked. It was found that out of the twenty-one samples that were made, only one exhibits a true photonic band gap.
Here we show that the plane wave method can successfully be used to calculated the photonic bands in three dimensionally periodic dielectric media. The structure we studied is the same as that investigated experimentally, [61 and consists of a face-centered cubic lattice of spheres of refractive index na embedded in a homogeneous transparent host medium of refracive index rb. The photon bands were calculated for various values of the relative refractive index, r = na/nb, and volume filling fraction of spheres, f. In particular, we have also studied the case in which the spheres are air-atoms which are so closely packed that they C/ are actually overlapping. This case is especially interesting in that it was found experimentally to have a common photon band gap throughout the entire Brillouin zone. Overall our theoretical results are in reasonable agreement with those of the experiment.i 6 This includes (D the effective long wavelength refractive index as a function of the volume filling fraction, and the size of the gap at the L-and X-points for a 86% of air-atoms. However, there is a 0 i-.. ... discrepancy for this case at the W-point, where our result suggests that a gap does not exist 1o 0 because of symmetry. In addition, in the W to K direction away from the W-point, the gap is Q.
much more feeble than measured experimentally.
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We present here the first computation of photon band structures based on Maxwell's equations. Our results therefore fully take into account of the vector nature of the photon.
The importance of a full vector calculation has in fact been pointed out. 161 Here we see that We start with Maxwell's equations and eliminate the magnetic field in favor of the electric field E to obtain, for monochromatic waves of frequency w, the equation
where 
and =lfdi e'iTC+'_V( n,
where K are the reciprocal lattice vectors and fl is the volume of the fcc primitive cell. and working in a coordinate system in which the z-axis points along the vector k-K. Then it is clear that the resulting determinant is zero and the eigenvectors correspoding to the zero Before we give the results of our calculations that are specific to the present problem, we want to make a few general remarks. First, it is easy t0 see that in the empty lattice limit, i.e.
Equation (1) can then be expressed in the form
V-.0, the eigenvalues are given by kb = I k-K 2 and are at least doubly degenerate, because the photon can have different states of polarization. The band structure can be found in most solid state textbooks. It is also true that in this limiP -,.t of the levels are highly degenerate, especially at high symmetry points, and for k vary: rom the F-point to the edge of the Brillouin zone, the dispersion curves are straight lines given by kb = k . A detailed plot of the free-photon bands for the fcc lattice can be found in a recent paper, [MI except that the degeneracy factor for each level should be multiplied by a factor of two.
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For V f 0, depending on the symmetry of V, some of these degeneracies are lifted, and the dispersion curves originating from the r-point are linear only near the r-point, where k is small compared with the magnitude of the smallest nonzero reciprocal lattice vector of the lattice. If we plot kb versis % k % for the photon bands, then the slope of the straight portion is no longer unity, but should be given by (nb/leff) where neff is the effective refractive index of the entire medium in the long wavelength limit.
For fixed values of the relative refractive index and volume filling fraction, the lowest lying frequency gap is expected to have the the largest width. We find that this is true in all the cases that we have studied, and therefore we shall only report results for the lowest few bands.
Moreover, it is important to note that because of the two different states of polarization, the lowest gap can lie only between the second and the third bands. This situation is very different than the scalar wave case where the lowest gap lies between the first and the second bands.
Now we are ready to discuss the results for the present model. For the case of dielectric spheres considered here, we have
where the function g(x) = (sinx -xcosx)/x 3 , and a is the radius of the sphere. This result applies as long as the spheres do not touch. In the experimental work of Yablcnovitch and lattice. In the first case, both the spheres and the host material form an infinite multiplyconnected domain. In the last two cases, the host material breaks up into disconnected starshape islands while the spheres form an infinite multiply-connected domain. We find that for a = c/v, the volume filling fraction is 0.964. Therefore the sample which was found experimentally to have a gap in the photon density of states and has a volume filling fraction f = 0.86 actually belongs to the first case. It can be shown that for this case
In Next we present, in Fig. 2 , the computed results for the eigenvalues for the second and third bands at the L-and X-points in the Brillouin zone as a function of the volume filling fraction for the case of air-atoms. These results are normalized to the center frequency of the lowest gap at the X-point. The agreement with the experimental results 161 is fairly good. In particular we find that the X-gap goes to zero for f=0.66. This is very close to the experimental value of 0.68. The physical origin of this behavior has been fully discussed by Yablonovitch and Gmitter, and accordingly we plot the gap width at the X-point as a negative quantity for f> 0.66. For f= 0.86 our results for the gap sizes at L and X are both smaller than those observed in the experiment.
We have also calculated the entire photonic band structure for k along the symmetry directions in the Brillouin zone. Results are obtained for the refractive index ratio r varying from 1/4 to 1 for air-atoms and from 1 to 4 for dielectric-atoms. For each value of r, the volume filling fraction is varied from 0 to 0.96 for air-atoms and from 0 to 0.74 for dielectricatoms. Fig. 3 shows the results for a 86% volume filling fraction of air-atoms embedded in a dielectric material with a refractive index of 3.5. These parameters correspond to the case in which a common gap was found experimentally. We see that although the overall band structure agrees reasonable well with the experiment, our computed band structure does not show a common gap. This is due to the fact that the second and third bands appear to be degenerate at the W-point. values off, and that this degeneracy appears to be symmetry related.
In the case of dielectric-atoms, we find that the gap at the W-point oper. up for r >2.8, unfortunately there is no overlap in the gaps at the L-and X-points for a true gap to develop for these values of r. We have also checked that for r around 4 the second and third bands at X appear to be degenerate and therefore a common gap does not exist either. We have not gone to values of r too much larger than 4 because the lack of suitable optical materials that is currently available in the laboratory, and because in our calculation the size of the matrix required for convergence becomes prohibitedly too large.
In summary, we found that for r ranging from 1/4 to 4, thus including both the air-and dielectric-atom cases, there is no common gap in the photonic band structure for the fcc geometry at any volume filling fraction. Our work suggests that it is important to find a mechanism which will either redistribute the strength of the Fourier coefficients of the potential in such a way that degenerate levels at the W point do not occur for the second and third levels, or lift the degeneracy of these levels. 
